The Phosphoinositide System
The activities of biological molecules are often altered by reversible phosphorylation. Protein phosphorylation is regulated by protein kinases and protein phosphatases, and induces conformational changes in proteins and/or provides specific docking sites for inter-as well as intra-molecular interactions. Phosphorylated carbohydrates are sometimes used as metabolic regulators. Fructose-2,6-bis-phosphate (Fru-2,6-BP) plays a crucial role in regulating the glycolytic pathway as an allosteric activator of phosphofructokinase, a key enzyme in glycolysis. Intracellular Fru-2,6-BP levels are regulated by 6-phosphofructo-2-kinase/ fructose-2,6-bisphosphatase, a bifunctional enzyme that possesses counteracting enzymatic activities on a single polypeptide (1) . In contrast to the simple binary nature of these regulatory systems, phosphatidylinositol derivatives (phosphoinositides) have greater complexity.
Phosphatidylinositol (PtdIns) is a minor phospholipid in the cell membrane, where it exclusively localizes in the cytoplasmic leaflet. PtdIns can be phosphorylated at the 3, 4 and 5 positions of the inositol ring. Phosphoinositides play important roles in regulating cell proliferation, survival, cytoskeletal reorganization and vesicular transport, depending on their phosphorylation status (called a 'lipid code' or 'phosphoinositide code') (2). They primarily impact cellular behaviours by recruiting signalling molecules to specific intracellular locations. Several characteristic protein domains, including PH (pleckstrin homology), PX (Phox homology), ENTH (epsin NH 2 -terminal homology), FYVE (Fab-1, YGL023, Vps27 and EEA1), etc., are involved in specific interactions with various phosphoinositides (2).
PI3K and PTEN
The phosphorylation status of phosphoinositides is regulated by kinases and phosphatases with distinct specificities. Conversion of PtdIns(4,5)P 2 to PtdIns(3,4,5)P 3 by class I phosphoinositide 3-kinases (PI3Ks) is one of the key events in membrane receptor-mediated signal transduction (3). PtdIns(3,4,5)P 3 associates with Akt (protein kinase B) as well as PDK1 (phosphoinositidedependent kinase 1) through their PH domains and mediates the co-localization of these kinases to a membrane region adjacent to activated receptors. Importantly, Akt is phosphorylated by PDK1, and thus this co-localization permits efficient signalling via Akt. After secondary phosphorylation by mammalian target of rapamycin complex 2 (mTORC2), activated Akt regulates a wide variety of cellular responses, i.e., glucose uptake, cell proliferation, inhibition of apoptosis and protein translation, by phosphorylating downstream effectors, including kinases and transcription factors. PtdIns(3,4,5)P 3 also recruits Tiam 1 and Vav1, guanine nucleotide exchange factors, to induce activation of Cdc42 and Rac, thus affecting cell motility and membrane ruffling. Deregulated PI3K signalling is oncogenic; overexpression or missense mutations in PI3K or its downstream kinase, Akt, have been detected in human ovarian, breast, thyroid and colon carcinomas (4) . The action of PI3K is primarily counteracted by PTEN (phosphatase and tensin homologue deleted on chromosome 10), a phosphatase that dephosphorylates the 3-position of PtdIns(3,4,5)P 3 , PtdIns(3,4)P 2 and PtdIns(3)P (5). PTEN is a representative tumour suppressor gene product, and deletion or loss-of-function mutations are frequently observed in a wide variety of malignant tumours.
4-Phosphatases as Tumour Suppressors
PtdIns(3,4,5)P 3 is alternatively down-regulated by phosphatases that dephosphorylate the 5-position to yield PtdIns(3,4)P 2 (Fig. 1) . Two 4-phosphatases, inositol polyphosphate 4-phosphatase-type I and II (also termed INPP4A and INPP4B, respectively) in turn dephosphorylate PtdIns(3,4)P 2 to produce PtdIns(3)P (6). Thus, these 4-phosphatases appear to be terminating enzymes of PI3K signalling in the alternative pathway of PtdIns(3,4,5)P 3 inactivation (7) (9, 10) . These reports are consistent with the notion that enzymes counteracting PI3K are tumour suppressors.
Phosphoinositide 5-Pohosphatases-Antioncogenic or Pro-oncogenic?
Phosphoinositide 5-phosphatases may also counteract PI3K signalling because they are required for signal termination by 4-phosphatases. To date, nine enzymes are known to have phosphoinositide 5-phosphatase activity. INPP5E/type IV 5-phosphatase in humans is an orthologue of pharbin (5-phosphatase that induces arborization) in rats and a 72-kDa 5-phosphatase in mice (7). INPP5E is widely expressed and reportedly the most potent enzyme that dephosphorylates the 5-position of PtdIns(3,4,5)P 3 (11) while it also hydrolyses PtdIns(4,5)P 2 . INPP5E was shown to negatively regulate insulin-like growth factor 1-mediated Akt phosphorylation, membrane ruffling and protein synthesis in knock-down (12) and overexpression studies (11, 12) , indicating that INPP5E counteracts PI3K signalling. However, the role of INPP5E in tumourigenesis remains unclear. INPP5E is overexpressed in cervical cancer, non-Hodgkin's lymphoma, and uterine leiomyosarcoma (7) . Recently, mutations in human INPP5E were found in Joubert and MORM syndromes that accompany cilia destabilization (13, 14).
Fibroblasts derived from Joubert patients, in which INPP5E enzymatic activity is impaired, entered the cell cycle less efficiently after serum stimulation (13). These findings appear to contradict the potential tumour suppressor functions of INPP5E.
SHIP2 (SH2-domain containing inositol phosphatase 2) has an in vitro substrate specificity similar to that of INPP5E (12) . In SHIP2-null mice, insulin-induced Akt phosphorylation was enhanced in the liver and muscle, indicating that SHIP2 counteracts PI3K signalling (15) . However, SHIP2 is overexpressed in breast carcinoma cell lines, and SHIP2 knock-down in MDA-MB-231 cells unexpectedly suppressed cell proliferation, in vivo tumourigenicity, and metastatic potential (16) . Although this action might be cell-type specific, these findings suggest that SHIP2 promotes tumourigenesis and tumour progression in mammary epithelial cells. In contrast, SHIP1, a homologue of SHIP2 predominantly expressed in haematopoietic cells, appears to have tumour suppressor functions in vitro and in vivo. Ship1
À/À mice develop a myeloproliferative disease (17) . SHIP1 is down-regulated in T-cell leukemia cell lines, and restoration of SHIP1 expression attenuates PI3K signalling and cell proliferation (18) . Loss-of-function mutations in the SHIP1 gene have been identified in leukemia (19) .
The mechanisms underlying these divergent effects of phosphoinositide 5-phosphatases on tumourigenesis remain to be elucidated. It is possible that 5-phosphatases differently affect tumourigenesis depending on co-existing 4-phosphatase activity. In the presence of high 4-phosphatase activity, PtdIns(3,4)P 2 generated by 5-phosphatases would be immediately converted to PtdIns(3)P. 5-phosphatases appear to be anti-oncogenic in this situation. In the presence of low 4-phosphatase activity, however, 5-phosphatase would induce accumulation of PtdIns(3,4)P 2 . Recent findings suggested that PtdIns(3,4)P 2 and PtdIns(3,4,5)P 3 can have distinct functions (20) . PtdIns(3,4)P 2 may activate Akt more efficiently than PtdIns(3,4,5)P 3 (21) and possibly other target proteins. Thus 5-phosphatase can be pro-oncogenic in this context.
There is increasing information on the behaviour and function of 5-phosphatases (22) . Additional work will lead to a further understanding of the 
